(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



Express Mail No. 
EV335547055US 



(12) 



(43) Date of publication: 

20.09.2000 Bulletin 2000/38 

(21) Application number: 00301955.1 

(22) Date of filing: 09.03.2000 



(n) EP 1 037 041 A2 

EUROPEAN PATENT APPLICATION 

(51) mt ci .7; G01N 27/407 



(84) Designated Contracting States: 


• Oshlma, Takafumi 


AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Mizuho-ku, Nagoya-shi, Aich 467 ( JP) 


MC NL PT SE 


• Fujita, Hiroki 


Designated Extension States: 


Mizuho-ku, Nagoya-shi, Aich 467 (JP) 


AL LT LV MK RO SI 


• Inoue, Ryuji 




Mizuho-ku, Nagoya-shi, Aich 467 (JP) 


(30) Priority: 12.03.1999 JP 6699499 






(74) Representative: Nicholls, Michael John 


(71) Applicant: NGK SPARK PLUG CO., LTD 


J.A. KEMP & CO. 


Mizuho-ku Nagoya-shi Aichi (JP) 


14, South Square 




Gray's Inn 


(72) Inventors: 


London WC1R5LX(GB) 


• Nadanami, Norihiko 




Mizuho-ku, Nagoya-shi, Aich 467 (JP) 





(54) Gas sensor 

(57) A gas sensor comprising a proton -conductive 
layer 5 formed of a polymer electrolyte; first and second 
electrodes 3 and 4 disposed in contact with the proton- 
conductive layer 5 and having a function of dissociating 
hydrogen; a gas-diffusion-rate limiting layer 2 disposed 
between a measurement gas atmosphere and the first 
electrode 3 and adapted to diffuse the gas under meas- 
urement to the first electrode 3 in a diffusion-rate limited 
state; and a dense support 1 supporting these elements. 
Hydrogen gas having reached the first electrode 3 via 
the gas-diffusion-rate limiting layer 2 is dissociated into 
protons by virtue of the catalytic action of Pt contained 
in the electrode and the voltage applied to the first elec- 



trode 3, and the generated protons are pumped to the 
second electrode 4 via the proton-conductive layer 5 
and are converted to hydrogen gas, which diffuses into 
the measurement gas atmosphere. When the applied 
voltage is sufficiently high, saturation current flows be- 
tween the first and second electrodes 3 and 4, and the 
magnitude of the saturation current varies in proportion 
to the hydrogen gas concentration of the gas under 
measurement. 

A hydrogen gas sensor which operates at low tem- 
perature in a hydrogen-rich atmosphere, and can accu- 
rately measure hydrogen gas concentration of a fuel gas 
of a fuel cell, is thereby provided. 
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Description 

[0001] The present invention relates to a gas sensor for use in measurement of the concentration of a hydrogen- 
containing component gas, and more particularly, to a hydrogen gas sensor suitable for measuring the concentration 

5 of a component gas, especially hydrogen gas, contained in a fuel gas for fuel cells. 

[0002] In view of the issue of global-scale environmental deterioration, fuel cells, which are clean and efficient power 
sources, have recently become the subject of active studies. Among fuel cells, a polymer electrolyte fuel cell (PEFC) 
is expected to be suitable for vehicle use due to its advantages, including low operation temperature and high output 
density. In this case, a reformed gas obtained from methanol or the like is advantageously used as a fuel gas. Further, 

10 jn order to improve efficiency and other parameters of performance, a gas sensor capable of directly measuring a 
hydrogen gas concentration or the like of the reformed gas becomes necessary. Since such a gas sensor is used in 
measurement performed in a hydrogen-rich atmosphere, the operation temperature of the gas sensor must be low 
(about 100°C or less). 

[0003] Such a low-operation-temperature-type hydrogen gas sensor is proposed in Japanese Patent Publication 
15 (kokoku) No. 7-31153. In the low-operation-temperature-type hydrogen gas sensor, a working electrode, a counter 
electrode, and a reference electrode are disposed on an insulating substrate, and the three electrodes are integrally 
covered with a gas-permeable, proton -conductive film. 

[0004] Separately, a hydrogen gas sensor which operates at high temperature is proposed in Japanese Patent Ap- 
plication Laid-Open (kokai) No. 8-327592. This hydrogen gas sensor has a structure such that a porous positive elec- 
20 trode layer, a proton-conductive ceramic thin film, and a porous negative electrode layer are successively stacked on 
a porous ceramic substrate, and operates properly in a state in which the sensor is heated to a high temperature by 
use of a heater. In this hydrogen gas sensor, the porous ceramic substrate functions as a gas-diffusion-rate limiting 
layer. 

[0005] In the hydrogen gas sensor proposed in Japanese Patent Publication No. 7-31153, since a gas under meas- 
25 urement diffuses to the working electrode via the gas-permeable, proton-conductive film which integrally covers the 
working electrode, the counter electrode, and the reference electrode, diffusion of the gas to the reference electrode 
cannot be prevented. Even when the reference electrode is formed of a metallic material having a low reactivity with 
the gas under measurement, the influence of the gas diffusion cannot be eliminated. 

[0006] In the gas sensor, when the gas permeability of the proton -conductive film is lowered in order to decrease 
30 the amount of gas diffused to the reference electrode, there arises a new problem of the amount of gas diffused to the 
working electrode decreasing accordingly, resulting in degraded sensitivity. Further, in the gas sensor, the proton- 
conductive film must be made porous in order to secure some degree of gas permeability. However, in this case, the 
mechanical strength of the proton-conductive film is reduced. 

[0007] The hydrogen gas sensor proposed in Japanese Patent Application Laid-Open No. 8-327592 operates prop- 

35 erly only at high temperature, because the proton -conductive layer is ceramic. From the viewpoint of safety, use of this 
gas sensor in a hydrogen-rich atmosphere is problematic. In addition, in the hydrogen gas sensor, since the porous 
ceramic substrate functions as a gas-diffusion- rate limiting layer, the strength of the substrate is low. Further, the sub- 
strate must be formed to be relatively large, in order to enable formation of the electrodes, the proton-conductive layer, 
etc. on the substrate through stacking. In a hydrogen gas sensor, such as the gas sensor proposed in Patent Application 

40 Laid-Open No. 8-327592, in which the substrate functions as a gas-diffusion-rate limiting layer, the size of the gas- 
diffusion-rate limiting layer is large, so that breakage of the gas-diffusion -rate limiting layer affects measurement to a 
greater extent than in the case in which a gas-diffusion -rate limiting layer of small size is used. 
[0008] An object of the present invention is to provide a gas sensor which operates at low temperature in a hydrogen- 
rich atmosphere, and more specifically a hydrogen gas sensor capable of accurately measuring hydrogen gas con- 

45 centration of a fuel gas of a fuel cell. 

[0009] A first gas sensor according to the present invention comprises: a proton -conductive layer formed of a polymer 
electrolyte; first and second electrodes provided in contact with the proton -conductive layer and having a function of 
dissociating hydrogen gas; a gas<jiffusion-rate limiting layer disposed between the first electrode and an atmosphere 
of a gas under measurement and adapted to diffuse the gas under measurement toward the first electrode in a diff usion- 

50 rate limited state; and a support for supporting the proton-conductive layer, the first and second electrode, and the gas- 
diffusion-rate limiting layer. 

[001 0] When gas concentration is measu red by use of the gas sensor, the gas sensor is controlled as follows. Through 
application of a predetermined voltage between the first and second electrodes, a predetermined gas component such 
as hydrogen gas is dissociated into protons on the first electrode. The thus-produced protons are pumped from the 
55 first electrode to the second electrode via the proton-conductive layer. Saturation current which flows from the first 
electrode to the second electrode as a result of the pumping out is detected, and the concentration of the predetermined 
gas component is determined on the basis of the saturation current. 

[0011] In the gas sensor, since the gas-diffusion-rate limiting layer is provided, diffusion of the gas under measure- 
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ment to the first electrode can be freely controlled with ease, without necessity of changing the shape of the proton - 
conductive layer. Therefore, the magnitude of the saturation current — which determines the sensor sensitivity — can 
be changed freely, so that various measurement ranges can be used selectively. 

[0012] In the gas sensor, since the diffusion rate of the gas under measurement is limited by the gas-diffusion-rate 
5 limiting layer, when the predetermined gas component contained in the gas under measurement has a constant con- 
centration, the magnitude of current flowing between the first and second electrodes becomes substantially constant 
even when the voltage applied between the first and second electrodes exceeds a predetermined level. When current 
of a constant magnitude flows irrespective of the magnitude of the applied voltage, the current is called saturation 
current, and a magnitude of the current is called a "saturation current value." 
w [0013] Further, in the gas sensor, since the sensing portion of the gas sensor is formed on a support formed of an 
electrically insulative ceramic, the size of the sensing portion can be easily reduced without impairment of the overall 
mechanical strength of the gas sensor. 

[0014] A second gas sensor according to the present invention comprises a reference electrode in addition to the 
structural elements of the above-described first gas sensor. The reference electrode is provided in contact with the 
75 proton-conductive layer such that an electrical potential corresponding to a reference hydrogen gas concentration is 
produced. 

[0015] When a gas concentration is measured by use of the gas sensor, the gas sensor is controlled as follows. 
Voltage is applied between the first and second electrodes such that a predetermined voltage is produced between 
the first electrode and the reference electrode across the proton-conductive layer. Consequently, a gas component to 

20 be measured, such as hydrogen gas, which is contained in the gas under measurement and whose diffusion rate is 
limited by the gas-diffusion-rate limiting layer, is dissociated into protons. The thus-produced protons are pumped from 
the first electrode to the second electrode via the proton-conductive layer. The concentration of the gas component 
under measurement is determined on the basis of current which flows as a result of the pumping. 
[001 6] I n the gas sensor, the voltage applied between the first and second electrodes can be controlled variably such 

2S that a constant voltage is produced between the first electrode and the reference electrode. Therefore, an optimal 
voltage can be applied to the gas sensor for any concentration of the gas component under measurement, so that 
accurate measurement can be performed in a wide concentration range. 

[0017] Further, as in the above-described first gas sensor, in the second gas sensor, diffusion of the gas under 
measurement is limited by the gas-diffusion-rate limiting layer. Therefore, diffusion of the gas under measurement to 
30 the first electrode can be controlled, without changing the shape of the proton-conductive layer. Further, diffusion of 
the gas under measurement to the reference electrode can be easily prevented. Moreover, in the second gas sensor, 
freedom of design similar to that in the case of the first gas sensor is possible in relation to the material of the proton- 
conductive layer and use of the support. 

[0018] A preferred mode of the present invention will now be described. 

35 [0019] In a gas sensor according to the preferred mode of the present invention, a proton -conductive layer is formed 
of one or more types of fluororesins, more preferably of "Nafion" (trademark, product of Dupont). 
[0020] In the gas sensor according to the preferred mode of the present invention, the proton-conductive layer is a 
polymeric electrolytic proton -conductive layer which operates adequately at relatively low temperature, for example, 
temperatures not greater than 1 50°C, preferably, at temperatures not greater than 1 30°C, more preferably, at around 

40 80°C; e.g., a proton -conductive layer formed of a fluororesin-based solid polymer electrolyte. 

[0021 ] I n the gas sensor according to the preferred mode of the present invention, ceramic powder used as a material 
for the gas-diffusion-rate limiting layer has an average grain size of 2 to 80 urn Preferably, the gas-diffusion-rate limiting 
layer is formed of porous alumina. 

[0022] In the gas sensor according to the preferred mode of the present invention, the first and second electrodes 
45 and the reference electrode are formed of a material having a catalytic function. Preferably, these electrodes are formed 
of a Pt electrode material containing Pt or a Pt alloy as a main component. 

[0023] In the gas sensor according to the preferred mode of the present invention, the support is comparatively 
dense, and preferably has a relative density of 95% or more. 

[0024] In the gas sensor according to the preferred mode of the present invention, the first electrode has a gas- 
50 diffusion-rate limiting function. This eliminates necessity of providing a separate gas-diffusion-rate limiting layer, to 
thereby further simplify the structure of the gas sensor In this case, the first electrode is preferably formed of Pt powder 
having an average grain size of 2 to 50 um 

[0025] The gas sensor according the preferred mode of the present invention can be fabricated as follows. By means 
of screen printing, a layer of alumina paste, which is to become the gas<Jiffusion-rate limiting layer, and layers of Pt- 
55 containing paste, which are to become the first and second electrodes and the reference electrode, are formed at 
predetermined positions on an alumina formed sheet, which is to become a support. Subsequently, the formed sheet 
and the paste layers are integrally fired, and a proton -conductive polymer electrolyte film, which is to become the 
proton-conductive layer, is bonded to a predetermined position of the fired body by means of hot pressing. Alternatively, 
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a solution of a proton-conductive polymer electrolyte is applied to a predetermined position of the fired body and dried. 
The first and second electrodes and the reference electrode may be formed by a sputtering method. The method of 
fabricating the gas sensor according to the present invention is not limited to the above-described method. 
[0026] In the gas sensor according to the preferred mode of the present invention, the first and second electrodes 
s are formed to sandwich the proton -conductive layer. Alternatively, the first and second electrodes are formed on a 
common plane. When the first and second electrodes are formed on a common plane, the number of steps for forming 
the electrodes can be reduced. 

[0027] In the gas sensor according to the preferred mode of the present invention, the gas-diffusion-rate limiting 
layer is formed on the surface of the support or within the support. When the gas-diffusion-rate limiting layer is formed 
10 (embedded) within the support, the structure of the gas sensor is simplified further. 

[0028] In the gas sensor according to the preferred mode of the present invention, the reference electrode is formed 
such that the reference electrode is in contact with the proton-conductive layer, more preferably, is covered by the 
proton-conductive layer so as not to be exposed to a gas under measurement. 

[0029] Embodiments of the present invention will be described, by way of example only, with reference to the ac- 
*5 companying drawings, in which: 

Fig. 1 is a sectional view of a gas sensor according to Embodiment 1 of the present invention; 
Fig. 2 is a sectional view of a gas sensor according to Embodiment 2 of the present invention; 
Fig. 3 is a graph showing results of a measurement performed by use of the gas sensor according to Embodiment 
20 2 of the present invention; 

Fig. 4 is a sectional view of a gas sensor according to Embodiment 3 of the present invention; 

Fig. 5 is a graph showing results of a measurement performed by use of the gas sensor according to Embodiment 

3 of the present invention; 

Fig. 6 is a graph showing results of another measurement performed by use of the gas sensor according to Em- 
25 bodiment 3 of the present invention; and 

Fig. 7 is a graph showing results of another measurement performed by use of the gas sensor according to Em- 
bodiment 3 of the present invention. 

[0030] Reference numerals are used to identify items in the drawings as follows: 

30 

1, 11, 21: support 

2, 22: gas-diffusion-rate limiting layer 

3, 23: first electrode 

4, 1 4, 24: second electrode 

35 5 ] 15, 25: proton -conductive layer 

6, 1 6: power source 
7, 17, 27: ammeter 

13: first electrode (having an integral gas-diffusion-rate limiting function) 
26: variable power source 
40 28: reference electrode 

29: voltmeter 

Embodiment 1 

45 [0031] FIG. 1 is a sectional view of a gas sensor according to Embodiment 1 of the present invention. As shown in 
FIG. 1 , the gas sensor comprises a support 1 formed of comparatively dense ceramic, and a gas-diffusion- rate limiting 
layer 2 and a second electrode 4 are formed on the support 1 to be separated from each other in the layer plane. One 
end of the gas-diffusion-rate limiting layer 2 is exposed to an atmosphere containing a gas under measurement (here- 
inafter referred to as a "measurement gas atmosphere"). A first electrode 3 is formed on the gas-diffusion-rate limiting 

50 layer 2. Further, a proton-conductive layer 5 is formed on the support 1 such that the proton-conductive layer 5 covers 
the entirety of the first electrode 3 and a portion of the second electrode 4. A portion of the proton -conductive layer 5 
enters the space between the gas-diffusion-rate limiting layer 2 and the second electrode 4 to thereby come in contact 
with the support 1. 

[0032] The first and second electrodes 3 and 4 are formed of a porous Pt material through which gas can defuse 
55 and have a function of dissociating hydrogen gas. The gas-diffusion-rate limiting layer 2 is formed of porous alumina 
and has a gas-diffusion-rate limiting function. The proton-conductive layer 5 is formed of Nation (trademark, product 
of Dupont, operation temperature: room temperature to 130°C), which is one type of fluororesin, and has a proton- 
conducting function. 
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[0033] The gas sensor is fabricated as follows. By means of screen printing, a layer of alumina paste, which is to 
become the gas-diffusion-rate limiting layer 2, and layers of Pt -containing paste, which are to become the first and 
second electrodes 3 and 4, are formed at predetermined positions of an alumina formed sheet, which is to become 
the support 1 . Subsequently, the formed sheet and the paste layers are integrally fired, and a film of Nafion, which is 
5 to become the proton-conductive layer 5, is bonded to a predetermined position of the fired body by means of hot 
pressing. Alternatively, a solution of Nafion is applied to a predetermined position of the fired body and dried. The first 
and second electrodes 3 and 4 may be formed by a sputtering method. 

[0034] A series circuit comprising a power source 6 and an ammeter 7 is connected to the first and second electrodes 
3 and 4 of the gas sensor via lead portions, so that a voltage is applied between the first and second electrodes 3 and 
10 4. Current flowing between the first and second electrodes 3 and 4 can be measured by use of the ammeter 7. 

[0035] Next, the measurement principle of the gas sensor will be described with reference to FIG. 1 . In the following 
description, it is assumed that a gas component to be measured is hydrogen. 

(1) Hydrogen gas having reached the first electrode 3 via the gas-diffusion- rate limiting layer 2 is dissociated into 
is protons by virtue of the catalytic action of Pt contained in the first electrode 3 and the voltage applied to the first 

electrode 3. 

(2) The generated protons are pumped to the second electrode 4 via the proton -conductive layer 5 and are con- 
verted to hydrogen gas, which diffuses into the measurement gas atmosphere. 

(3) When the applied voltage mentioned in (1) above is sufficiently high, saturation current flows between the first 
20 and second electrodes 3 and 4. Since the magnitude of the saturation current varies in proportion to the hydrogen 

gas 

concentration of the gas under measurement, the hydrogen gas concentration can be obtained from the saturation 
current value. 

25 [0036] The sensitivity of the gas sensor depends on the magnitude of the saturation current. That is, the sensitivity 
of the gas sensor depends on the degree of rate limiting of the gas-diffusion -rate limiting layer 2. Accordingly, the gas 
sensor can attain an optimal sensitivity through adjustment of the grain size and porosity of porous alumina that con- 
stitutes the gas-diffusion-rate limiting layer 2, irrespective of the shape of the proton-conductive layer 5. 

30 Embodiment 2 

[0037] In a gas sensor according to the present embodiment, a first electrode 13 (see FIG. 2) has a diffusion- rate 
limiting function, unlike the gas sensor according to Embodiment 1 , in which the first electrode 3 and the gas-diffusion- 
rate limiting layer 2 are formed separately (see FIG. 1). In the gas sensor of the present embodiment, the first electrode 
35 13 itself is formed to have a diffusion-rate limiting function through optimization of the grain size of Pt powder or the 
like which is used as an electrode material. This simplifies the sensor structure. 

[0038] In order to avoid redundancy, the following description will describe only the difference between the sensor 
according to the present embodiment and the sensor according to Embodiment 1 . For common features, the description 
of Embodiment 1 will be referred to as the need arises. 

40 [0039] FIG. 2 is a sectional view of a gas sensor according to Embodiment 2 of the present invention. As shown in 
FIG. 2, the gas sensor comprises a support 11 formed of comparatively dense ceramic, and a first electrode 13 and a 
second electrode 14 are formed on the support 11 to be separated from each other in the layer plane. One end of the 
first electrode 13 is exposed to a measurement gas atmosphere. Further, a proton-conductive layer 15 is formed on 
the support 1 1 such that the proton-conductive layer 1 5 covers a portion of the first electrode 1 3 and a portion of the 

45 second electrode 14. A portion of the proton -conductive layer 15 enters the space between the first electrode 1 3 and 
the second electrode 14 to thereby come in contact with the support 11. 

[0040] The gas sensor is fabricated in a method basically identical with the method used for fabrication of the gas 
sensor according to Embodiment 1. 

[0041] A series circuit comprising a power source 1 6 and an ammeter 1 7 is connected to the first and second elec- 
50 trodes 1 3 and 1 4 of the gas sensor via lead portions, so that a voltage is applied between the first and second electrodes 
1 3 and 1 4. Current flowing between the first and second electrodes 1 3 and 1 4 can be measured by use of the ammeter 
17. 

[0042] The sensitivity of the gas sensor according to Embodiment 2 in measurement of hydrogen gas concentration 
was measured. More specifically, the saturation current flowing between the first and second electrodes was measured, 
55 while the hydrogen gas concentration of a gas under measurement was varied. The measurement conditions are 
shown below, and measurement results are shown in FIG. 3. 
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Measurement Conditions 



[0043] 

5 First electrode: 
Second electrode: 
Support: 

Composition of gas under measurement: 
10 Temperature of gas under measurement: 
Flow rate of gas under measurement: 
Voltage applied between first and second electrodes: 



R electrode of 20 urn thickness; 

Pt electrode of 20 urn thickness; 

alumina sheet of 0.4 mm thickness having a 

relative density of 98%; 

H 2 (0-40%), H 2 0 (10%), N 2 (baL); 

80°C; 

4 L/min; and 
1 V. 



[0044] As is understood from FIG. 3, current varies in proportion to hydrogen gas concentration, which demonstrates 
that accurate measurement of hydrogen gas concentration can be performed in a wide range by use of the gas sensor. 
Further, the gas sensor was found to operate properly at temperatures not greater than 100°C; more specifically, at 
temperatures not greater than 80°C. 



Embodiment 3 

20 

[0045] FIG. 4 is a sectional view of a gas sensor according to Embodiment 3 of the present invention. As shown in 
FIG. 4, the gas sensor comprises a support 21 formed of comparatively dense ceramic, and a first electrode 23, a 
second electrode 24, and a reference electrode 28 are formed on the support 21 to be separated from one another in 
the layer plane. A gas-diffusion-rate limiting layer 22 is formed (embedded) within the support 21 to be located under- 

25 neath the first electrode 23. Further, a proton -conductive layer 25 is formed on the support 21 such that the proton- 
conductive layer 25 covers the entirety of the first electrode 23, the entirety of the reference electrode 28, and a portion 
of the second electrode 24. Portions of the proton -conductive layer 25 enter the space between the first electrode 23 
and the second electrode 24 and the space between the first electrode 23 and the reference electrode 28, respectively, 
to thereby come in contact with the support 21 . Since the hydrogen gas concentration around the reference electrode 

30 28 is stable, the reference electrode 28 generates a potential, or a reference hydrogen gas concentration potential, 
which serves as a reference for the potential of the first electrode 23. 

[0046] The first and second electrodes 23 and 24 and the reference electrode 28 are formed of a porous Pt material 
through which gas can defuse sufficiently and have a function of dissociating hydrogen gas. The gas-diffusion-rate 
limiting layer 22 is formed of porous alumina and has a gas-diffusion- rate limiting function. The proton-conductive layer 
35 25 is formed of Nation and has a proton-conducting function. 

[0047] The gas sensor is fabricated in a method basically identical with the method used for fabrication of the gas 
sensor according to Embodiment 1. 

[0048] The electric circuit connected to the gas sensor has the following configuration. A series circuit comprising a 
variable power source 26 and an ammeter 27 is connected to the first and second electrodes 23 and 24 via lead 

40 portions, so that a voltage is applied between the first and second electrodes 23 and 24, and current flowing between 
the first and second electrodes 23 and 24 can be measured. A voltmeter 29 is connected between the first electrode 
23 and the reference electrode 28 via lead potions. The voltage applied by means of the variable power source 26 is 
controlled in accordance with the voltage detected by means of the voltmeter 29. More specifically, the voltage applied 
between the first and second electrode 23 and 24 by means of the variable power source 26 is controlled such that 

45 the voltage between the first electrode 23 and the reference electrode 28 is maintained constant. In this state, the 
current flowing between the first and second electrodes 23 and 24 is measured by use of the ammeter 27. 
[0049] Next, the measurement principle of the gas sensor will be described with reference to FIG. 4. In the following 
description, it is assumed that a gas component to be measured is hydrogen gas. 



50 (1 ) When hydrogen gas reaches the first electrode 23 via the gas-diffusion-rate limiting layer 22, an electromotive 

force corresponding to the hydrogen gas concentration is generated between the first electrode 23 and the refer- 
ence electrode 28 across the proton -conductive layer 25. 

(2) A voltage is applied between the first and second electrodes 23 and 24 such that the hydrogen gas concentration 
on the first electrode 23 is maintained constant, i.e., the voltage between the first electrode 23 and the reference 

55 electrode 28 is maintained constant. 

(3) As a result, the hydrogen gas is dissociated into protons on the first electrode 23, and the generated protons 
are pumped to the second electrode 24 via the proton-conductive layer 25. The protons are converted to hydrogen 
gas on the second electrode 24, and the thus-produced hydrogen gas diffuses into the measurement gas atmos- 
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phere. 

(4) Since the magnitude of the saturation current flowing between the first and second electrodes 23 and 24 varies 
in proportion to the hydrogen gas concentration of the gas under measurement, the hydrogen gas concentration 
can be obtained from the saturation current. 

5 

[0050] Since the voltage applied between the first and second electrode 23 and 24 is controlled such that the hydro- 
gen gas concentration on the first electrode 23 is maintained constant, high voltage can be applied when the hydrogen 
gas concentration of the gas under measurement is high, and low voltage can be applied when the hydrogen gas 
concentration of the gas under measurement is low. In other words, optimal voltage can be applied between the first 
10 and second electrodes 23 and 24 in accordance with hydrogen gas concentration. 

[0051] Further, in the gas sensor having the reference electrode 28, when the resistance between the first and second 
electrode 23 and 24 increases due to some reason, the applied voltage changes appropriately Therefore, accurate 
measurement can be performed in a wide concentrate range for a prolonged period of time. 

[0052] The saturation current characteristic of the gas sensor was measured. More specifically, the current flowing 
75 between the first and second electrodes 23 and 24 was measured, while the voltage applied between the first and 
second electrodes 23 and 24 was varied. The measurement conditions are shown below, and measurement results 
are shown in FIG. 5. 

Measurement Conditions 

20 

[0053] Reference electrode: Pt electrode of 20 ujti thickness; 



First electrode: 
Second electrode: 
25 Support: 

Composition of gas under measurement: 

Temperature of gas under measurement: 
30 Flow rate of gas under measurement: 

Voltage applied between first and second electrodes: 



Pt electrode of 20 ujti thickness; 

Pt electrode of 20 jam thickness; 

alumina sheet of 0.4 mm thickness having a 

relative density of 98%; 

H 2 (0, 10, 20, 30, 40%), H 2 0 (20%), C0 2 

(15%), N 2 (bal.); 

80°C; 

4 L/min; and 
0-800 mV. 



[0054] As is understood from FIG. 5, for each hydrogen gas concentration, saturation current flows when the applied 
voltage exceeds 400 mV. 

35 [0055] Subsequently, the sensitivity of the gas sensor in measurement of hydrogen gas concentration was measured. 
More specifically, the saturation current flowing between the first and second electrodes was measured, while the 
voltage applied between the first and second electrodes was controlled such that the voltage between the reference 
electrode and the first electrode was maintained at 600 mV, and the hydrogen gas concentration of a gas under meas- 
urement was varied. In addition, in order to further stabilize the hydrogen gas concentration in the vicinity of the refer- 

^0 ence electrode, a constant small current was caused to flow from the first electrode to the reference electrode such 
that the reference electrode served as a self-generation reference electrode. The measurement conditions are shown 
below; the relationship between hydrogen gas concentration and current is shown in FIG. 6; and the relationship be- 
tween hydrogen gas concentration and voltage applied between the first and second electrodes is shown in FIG. 7. 



45 Measurement Conditions 



[0056] 



Composition of gas under measurement: H 2 (0, 10, 20, 30, 40%), H 2 0 (20%), CO s (15%), N 2 (bal.); 
50 Temperature of gas under measurement: 80° C; 

Flow rate of gas under measurement: 4 L/min; 

Target value of the voltage between the reference electrode and the first electrode: 600 mV; and 

Current for generation of self reference electrode flowing from the first electrode to the reference electrode: 1 uA 



ss [0057] As is understood from FIG. 6, current varies in proportion to hydrogen gas concentration, which demonstrates 
that accurate measurement of hydrogen gas concentration can be performed in a wide range by use of the gas sensor. 
Further, as is understood from FIG. 7, an optimal voltage is applied between the first and second electrodes for each 
hydrogen gas concentration. That is, disposition of the reference electrode enables application to the gas sensor of 
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an optimal voltage for varying hydrogen gas concentration to thereby enable accurate measurement of hydrogen gas 
concentration to be performed for a long period of time without causing deterioration of electrodes and the like. More- 
over, the gas sensor was found to property operate at temperatures not greater than 100°C; more specifically, at 
temperatures not greater than 80°C. 

[0058] The present invention provides a gas sensor which operates at low temperature in a hydrogen-rich atmos- 
phere, and more specifically a hydrogen gas sensor capable of accurately and safely measuring a hydrogen gas con- 
centration of a fuel gas of a fuel cell. 

[0059] Having described specific preferred embodiments of the present invention, it is to be understood that the 
invention is not limited to those precise embodiments, and that various changes and modifications may be effected 
therein by one skilled in the art without departing from the scope of the invention as defined in the appended claims. 



Claims 

1. A gas sensor comprising: 

a proton-conductive layer (5; 15; 25) formed of a polymeric electrolyte; 

first (3; 13; 23) and second (4; 14; 24) electrodes provided in contact with the proton<;onductive layer for 
dissociating hydrogen gas; 

a gas-diffusion-rate limiting portion (2; 13; 22) for diffusing the gas under measurement from an atmosphere 
of a gas under measurement to the first electrode in a diffusion-rate limited state; and 
a support (1 ; 11 ; 21 ) for supporting the proton-conductive layer, the first and second electrode, and the gas- 
diffusion-rate limiting portion. 

2. A gas sensor according to claim 1 , wherein hydrogen contained in the gas under measurement introduced via the 
gas-diffusion-rate limiting portion (2; 13; 22) is caused to undergo dissociation, decomposition or reaction by ap- 
plying a voltage between the first (3; 13; 23) and second (4; 14; 24) electrodes; protons produced by said disso- 
ciation, decomposition or reaction are pumped from the first electrode (3; 13; 23) to the second electrode (4; 14; 
24) via the proton-conductive layer (5; 15; 25) to result in a current flow between said first (3; 13; 23) and second 
(4; 14; 24) electrodes; and the hydrogen concentration of the gas under measurement is determined based on 
said current flow. 

3. A gas sensor according to claim 2, wherein said current flow is a saturation current. 

4. A gas sensor according to claim 1 , 2 or 3, wherein the support (1 ; 11 ; 21 ) is electrically tnsulative; and 

the proton-conductive layer (5; 15; 25), and the first (3; 13; 23) and second (4; 14; 24) electrodes are formed 
within the support or on the surface of the support. 

5. A gas sensor according to any one of the preceding claims, wherein the first electrode (1 3) and the gas<Jiff usion- 
rate limiting portion (13) are integrated. 

6. A gas sensor according to any one of the preceding claims, wherein the gas-diffusion-rate limiting portion (2; 1 3; 
22) is formed within the support. 

7. A gas sensor according to any one of the preceding claims, wherein the proton -conductive layer (5; 15; 25) is 
formed of a fluororesin. 

8. A gas sensor according to any one of the preceding claims, wherein the support (1 ; 11 ; 21) is formed of a dense 
ceramic. 

9. A gas sensor according to any one of the preceding claims, further comprising: 

a reference electrode (28) provided in contact with the proton-conductive layer (25) for producing an electrical 
potential corresponding to a reference hydrogen gas concentration, wherein said reference electrode (28) is sup- 
ported on said support (21). 

10. A gas sensor according to Claim 9, adapted for, in use, a voltage to be applied between the first (23) and second 
(24) electrodes such that a constant voltage is produced between the first electrode (23) and the reference electrode 
(28). 
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11. A gas sensor according to Claim 9 or 10, wherein the support (21) is electrically insulative; and 
the reference electrode (28) is formed within the support or on the surface of the support. 
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FIG. 1 
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FIG. 2 
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